Transition metal doping of ZnO is considered as a promising way to obtain a diluted magnetic semiconducting oxide. In this work we investigate copper doping of ZnO by means of density functional theory, using a hybrid exchange-correlation functional and a periodic approach with localized atomic basis functions. Isolated copper species, such as copper substitutional to zinc, Cu s , and Cu interstitial, Cu i , are analyzed in terms of transition energy levels and hyperfine coupling constants with reference to available spectroscopic data. We also examine the potential magnetic interaction between copper species, their interaction with oxygen vacancies, and the possibility of copper clustering. The relative stability of the various copper impurities considered in this study is finally compared on the basis of their formation energy at different oxygen chemical potentials and Fermi level values.
I. INTRODUCTION
Zinc oxide is a wide band gap semiconductor with promising applications in optoelectronics and spintronics. 1, 2 For example, ZnO based optoelectronic devices, such as light emitting and laser diodes or transparent electrodes for flat panel displays and solar cells, are considered a viable alternative to the corresponding more expensive GaN and ITO (indium tin oxide) based ones. Additionally, the introduction of spin carriers by means of a dilute controlled doping is expected to open the way to new magnetic, electronic, and optical functionalities of the material. In this sense transition metal (TM) doped ZnO stands as a promising candidate for diluted magnetic semiconducting oxide to be used in electrically controlled magnetic sensors, spin-light-emitting diodes and spin-field effect transistors. 3, 4 Achievement of room temperature (RT) ferromagnetism by Mn and Cu doping, avoiding unwanted secondary ferromagnetic phases due to metal clustering, is the final goal of nowadays experimental effort. 3 A few theoretical studies 5, 6 have already inspired some experimental work, although initial expectations were not fulfilled by actual results. [7] [8] [9] In a recent work, Zunger et al. 10 questioned the reliability of the reported theoretical predictions pointing at the severe limitations of pure density functional theory approximations [local density approximation (LDA) and generalized gradient approximation (GGA)] in correctly and accurately describing band gap values and spin localization, both essential components when investigating TM doped semiconductors. The critical problem of state of the art methods in describing such complex systems as Cu-doped ZnO can largely benefit from a detailed comparison of a number of computed properties with available experimental data (in particular, defect or impurity levels position in the band gap from optical or photoluminescence spectroscopies 11, 12 and their electron paramagnetic resonance parameters 13, 14 ) . In this paper we present a detailed study of copper bulk impurities in ZnO using the popular hybrid B3LYP a) Electronic mail: cristiana.divalentin@mater.unimib.it. functional 15, 16 in combination with a localized atomic orbital basis-set approach for periodic calculations, as implemented in the CRYSTAL06 code. 17 This method provides an improved description of fully or partially filled TM dstates and of all those properties which are not accurately described by LDA or GGA methods, as just mentioned above [e.g., band gap: B3LYP 3.38 eV versus experimental 3.44 (Ref. 18) ]. Computational results are compared to available experimental data whenever possible. On these bases, the present work has the major goal to provide a comprehensive overview investigation of copper doping in ZnO and to address several specific issues which are still under debate in the literature. Copper impurities are first investigated as wellestablished electron acceptors 19 but secondly also as potential electron donors, in line with recent experimental findings. 20 Acceptor and donor properties are discussed in terms of thermodynamic and optical transition levels from a recently proposed model. 21 Then the controversial relative stability of ferromagnetic (FM) and antiferromagnetic (AFM) phases [22] [23] [24] [25] [26] [27] for substitutional Cu to lattice Zn atoms is analyzed. Finally, the possibility of interaction with oxygen vacancies 24, 25 and of copper clustering 23, 25, 26 in bulk ZnO matrix is explored. The stability of all these diverse species has been compared on the basis of their formation energy, as a function of the Fermi level and of the oxygen chemical potential, which determines whether the system is in an oxidizing or reducing environment.
The paper is organized as follows. Section II provides details on the computational approach. In Sec. III, we report and discuss the results for the various defect centers considered. Section IV summarizes our conclusions and presents an overview on Cu-doped ZnO system.
II. COMPUTATIONAL DETAILS
Spin-polarized periodic calculations were performed using the hybrid B3LYP exchange-correlation functional and the Kohn-Sham orbitals were expanded in Gaussian type orbitals, as implemented in CRYSTAL06 code. 17 The all-electron basis set adopted is a 8-411(d1) 28 The reciprocal space was sampled by a 2 × 2 × 2 k-point mesh corresponding to 4 ÷ 8 k-points of the irreducible Brillouin zone. 17 The atomic positions were fully relaxed until the largest component of the ionic forces was less than 4.5 × 10 −4 a.u.. The densities of states were computed with a 3 × 3 × 3 k-point mesh. The Kohn-Sham eigenvalues were computed on each k point but only those at are discussed in the manuscript because of the direct band gap of ZnO. The zero point of orbital energy was set to the top of the valence band (VB).
The hyperfine interactions of the unpaired electron spin with the nuclear spin of the 63 Cu nuclide have been determined. The hyperfine spin-Hamiltonian, H hfc = S · A · I, is given in terms of the hyperfine matrix A, which describes the coupling of the electron with the nuclear spin. 33 The components of A can be represented as
where U is the unit matrix. The isotropic part, a iso , of each coupling constant is related to the spin density at the nucleus (the Fermi contact term).
The approach employed to estimate the position of the thermodynamic and optical transition energy levels (ε therm and ε opt ) in the band gap of the material for all the investigated Cu defects has been described in a previous paper. 21 We refer to this work and to the supplementary material 34 for all the details of the methodology 35 and for the meaning of the transition energy levels with reference to experimental spectroscopic data, such as thermal ionization energies or photoluminescence emissions whose comparison will be discussed here for the specific case of Cu-doped ZnO. Thermodynamic transition levels are derived from optical transition levels by addition of the relaxation energy, E rel , computed as the total energy difference between the charged state in its relaxed configuration and in the neutral relaxed configuration.
III. RESULTS AND DISCUSSION
Various models of copper impurities in ZnO have been investigated in this work, as detailed in Sec. II. In the following we first present monoelemental species: copper substitutional to zinc [Cu s in Fig. 1(a) ] and copper interstitial [Cu i in Fig. 2(a) ]. The possibility that the copper atom kicks out a zinc atom from its lattice position, resulting in a Cu s in the presence of an interstitial zinc atom [Cu s Zn i in Fig. 1(b) ] is also explored. Second, higher local concentrations of copper atoms are considered to account for possible multiatom doping or clustering effects. Finally, the interplay between copper impurities and possible intrinsic defects of bulk zinc oxide, such as oxygen vacancies, is discussed. 19 The discrepancy in the position of the state as obtained by luminescence and electrical measurements is a consequence of a large Stoke shift in the former case.
The presence of a hole in the Cu s 2+ 3d shell [see Fig. 1(a) ] causes a Jahn-Teller distortion of the tetrahedral coordination with a shortened axial Cu-O distance from 2.00 to 1.91 Å. The unpaired electron is highly localized on a Cu d-orbital pointing toward the closest oxygen. All the Cu 3d states are localized inside the VB, except for the unoccupied beta spin component, 2.7 eV above the VB top [ Fig. 1(a) ]. The addition of one extra electron fills up the Cu 3d shell and induces a considerable outward relaxation of the nearest O atoms by 4% ÷ 9%, restoring the original tetrahedral coordination. The corresponding relaxation energy, E rel , is 0.58 eV and the Cu 3d states are lifted up in the band gap and splitted by the crystal field in e and t 2 components.
a. Transition levels. The transition levels (0/−1) computed in the present work with the hybrid functional B3LYP are consistent with the experimental data (see Table I ), and a recent work by Lany and Zunger 41 using a GGA+U method and applying a hole-state correction for the Zn and Cu d 13 and consists of an S = 1/2 species with axial symmetry, interacting with a single Cu nucleus resulting in a well-resolved hyperfine pattern due to the two copper isotopes ( 63 Cu, I = 3/2, 69.2% abundant and 65 Cu, I = 3/2, 30.8% abundant). The interpretation of the large g shifts and hyperfine coupling constants, (see Table II ), much debated in literature, 13, 14, [44] [45] [46] [47] [48] is still an open question. In particular two main currents of thought can be identified. From one side Dietz et al. 13 proposed a model of interpretation of g-shifts involving a considerable covalency with the 3d hole spending 40% of its time on neighboring oxygens. The major criticism to this theory is related to the anomalously large overlap integral between the 3d and oxygen orbitals, 44 in contrast with the experimentally estimated 90% ionic character of ZnO. 49 From the other side, Bates 45 drew the attention to the possible hybridization of the 3d 9 ground state with the 3d 8 4p 1 excited state. According to this hypothesis, the hole is estimated to spend 67.5% and 7.5% of its time in the 3d and 4p orbitals, respectively, which would also explain the large hyperfine coupling constants.
Here, we present for the first time the ab initio computation of hyperfine coupling constants for the model of substitutional copper in ZnO [ Fig. 1(a) ]. In the most stable electronic configuration, described in Fig. 1(a) , the unpaired electron lies mostly in a d z2 state, as a consequence of the trigonal distortion along the c-axis with a shorter Cu-O bond. The spin density on the Cu atom is 0.74 while 0.15 is on the axial O, according to a Mulliken analysis. The hyperfine coupling constants have been obtained after complete decontraction of the Cu basis-set to increase the flexibility of the core s-functions (see Table II ). The isotropic component is in rather good agreement with the experimental value. The negative value of the a iso indicates that the unpaired spin density is of the minority spin character (beta) since g N for Cu is positive. This can be explained by an exchange interaction of the spin density more distant from the nucleus, leaving the minority spin density in the region near the nucleus. The dipolar tensor B is axial, as experimentally observed. The quantitative agreement is in this case less satisfactory. The discrepancy is most probably due to the spin-orbit contribution which has not been included in the present calculations. This is found to be essential for the quantitative reproduction of experimental values in the case of transition metal compounds and in particular for Cu 2+ complexes. 50, 51 Although largely underestimated, the computed dipolar components make up the major part of the hyperfine coupling constants, in line with the fact that the unpaired electron lies mostly in a d orbital.
Cu s Zn i
If the experimental process of copper doping is performed by implantation or through a severe thermal annealing in oxygen poor condition it is conceivable that one Cu atom results in a Zn atom lattice position while the Zn is moved in an interstitial site, with consequent formation of a Cu s and a Zn i . The copresence of these defects (Cu s Zn i ) has been investigated in two configurations: the two species are close (2.4 Å) or far apart (10.0 Å), respectively. When Cu s and Zn i are in close contact there is a significant lattice rearrangement resulting in the Cu and Zn atoms actually sharing the same lattice site in a so called split-interstitial configuration [see Fig. 1(b) ]. On the contrary, when the defects are well separated they are almost unperturbed. In both cases, only one electron has been transferred from the Zn impurity to the Cu s while a second electron lies in a perturbed host state [see lower panel in Fig. 1(b) ]. These are shallow donor species with thermodynamic transition levels ε therm (+1/0) computed to be 0.11 and 0.15 eV from the CB minimum, respectively (see Table I ). However, it is relevant to stress that the second configuration is 1.5 eV less stable than the first one.
B. Interstitial copper: Cu i
A recent combined experimental and theoretical study has shown that particular conditions of Cu doping may result in formation of interstitial Cu. 20 Both tetrahedral and octahedral interstitial voids exist in bulk ZnO. Interstitial Zn species were computed to be 0.9 eV more stable in the larger octahedral cavity, 52 thus we assume that the same interstice is also favored for Cu i species [see Fig. 2(a) ]. Similar structural relaxations are observed for Cu i and Zn i , with almost identical TM-O (2.07 Å) and TM-Zn distances (2.44-2.59 Å versus 2.42-2.50 Å, respectively). In contrast to Zn i , which is a double electron shallow donor, 21 Cu i is expected to be a single shallow donor, which is confirmed by the present calculations [see lower scheme of Fig. 2(a) ]. It is noteworthy that, unlike 3d states of Zn i which are deep inside the VB, the 3d states of Cu i lie inside the band gap (0.3 eV above the VB top), in line with a larger stabilization energy of 3d orbitals with increasing atomic number. The resulting donor state is a largely delocalized perturbed host state, just below the bottom of ZnO conduction band. The thermodynamic transition level ε therm (+1/0) for Cu i defect center is computed to be 0.13 eV from the CB minimum (see Table I ). This computed value can be directly compared with the donor ionization energy of 0.088 eV, 20 experimentally derived from a high resolution electron energy loss (HREEL) study. The agreement is extraordinary good, as discussed in a previous work.
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C. Magnetic properties: Cu s Cu s
The magnetic properties resulting from Cu-doping of ZnO have been intensively investigated [22] [23] [24] [25] [26] [27] with the final goal of achieving a suitable ferromagnetic material for spintronic applications. The experimental evidences are controversial and ferromagnetism has been so far reported for both conductive p-type 8, 9 or n-type 53 and insulating 54, 55 samples. An accurate description of the direct exchange coupling of Cu ions is important to clarify Cu-doped ZnO magnetic properties, and eventually to predict potentially interesting combinations with codopant elements for RTferromagnetism. Hybrid exchange-correlation functionals are precious tools since local spin density approximation (LSDA) and GGA approaches often fail to describe, even qualitatively, strongly localized unpaired charge carriers, due to the spurious delocalization deriving from the incorrect description of the self-interaction. 10, 56, 57 This problem can be overcome by adding a percentage of exact Hartree-Fock exchange, as in hybrid functionals, or using an on-site potential and requiring the linear dependence of total energy on the electron occupation, also known as generalized Koopmans' condition. 41 In this work we use the hybrid B3LYP functional, as implemented in the CRYSTAL06 code, that has been successfully used to describe the magnetic properties of a wide variety of solids. 56, [58] [59] [60] We have considered only the first and third nextneighbors Cu s since the magnetic interactions are reported to decrease as r −t , with r the distance between the Cu ions and t varying between 11 and 15. 61 Two configurations are examined, with the Cu ions lying in the xy-plane (perpendicular to the c-axis) or along the z-axis (equivalent to the c-axis, see Fig. 3 ) and with Cu-Cu distance of 3.34 Å (nextneighbors) and 5.27 Å (the third next-neighbors), respectively. The atomic positions are fully relaxed for each configuration and then they are kept fixed for the calculation of FM and AFM states. The energy differences, E = E AFM −E FM , accounting only for the different magnetic interactions, are negligible, +3 meV and +1 meV for xy-plane and z-axis configurations, respectively. The unpaired electrons in both structural configurations and in both magnetic states are largely localized in a d state of the Cu ions with a small delocalization on one next-neighboring O ion (see Fig. 3 ). In the lower panels of Fig. 3 a schematic representation of the electronic structure is reported showing that the Cu d states in the FM state of both structural configurations are localized in the proximity of the VB top with the two unoccupied beta spin components (one for each Cu s ) lying high in the band gap of ZnO. The atomic spin density from the Mulliken analysis on the two Cu species is 0.74e, indicating a high spin localization. Comparison of total energies of z-axis and xy-plane configurations in the FM magnetic states (FM) shows that the most stable species is the z-axis one by 8 meV.
In Table III total energy differences from previous works for comparison with the present hybrid functional results are reported. It is evident that for the z-axis configuration, where the two Cu ions are further apart, the FM and AFM solutions are basically degenerate or very close in energy for all methods. For the xy-plane configuration with two next neighboring Cu ions, apart from a small supercell B3LYP calculation which is totally off with respect to the other values, it is possible to observe that LDA and GGA functionals overestimate the relative stability of the FM solution, while LDA+U, 62 GGA+U 24 and present B3LYP calculations are in closer agreement with a tiny or negligible energy difference. Note that the supercell models used for these three calculations are rather different which may account for the slight differences in energy (LDA+U:32 versus GGA+U:72 versus B3LYP:192 atoms). These short overview of the data is fully consistent with the LDA and GGA poor performances when describing localized unpaired electrons as discussed above. The larger and spurious delocalization intrinsic of local spin density approximation (LSDA) and GGA methods is the probable reason for the overestimated magnetic interaction between the two Cu centers occupying the next-neighboring sites (FM versus AFM for xy-plane, see Table III) .
Concluding, the B3LYP results from this work indicate that Cu s impurities in ZnO do not present any direct magnetic interaction and would be magnetically disordered at room temperature. The observed RT-ferromagnetism 8, 9, [53] [54] [55] of Cu-doped ZnO might be induced by Cu s interaction with other magnetically active impurities. 63, 64 However, this analysis goes beyond the purpose of the present study and will be the object of future work. 
Cu s Cu i
Larger concentrations of Cu species in bulk ZnO may lead to more complex systems where both substitutional and interstitial copper species are present. These systems may present some interesting or unexpected electronic properties. For example, a substitutional and nearby interstitial copper pair (Cu s Cu i ), after full structural relaxation, are found to actually share an original Zn lattice position. Thus the two copper species are perfectly equivalent and cannot be distinguished into a substitutional and interstitial copper any more [see Fig. 2(b) ]. This final configuration is obtained starting from a copper atom both in a tetrahedral or an octahedral void. Both species hold a Cu + formal oxidation state since the original shallow donor Cu i species donates the high lying electron to the original deep acceptor Cu s species. This results in a close shell configuration as represented schematically in the lower panel of Fig. 2(b) . The nearby Cu s Cu i pair is largely favored (1.1 eV) with respect to the noninteracting Cu s and Cu i species, far apart in the supercell model, even though the compensating electron transfer is analogously observed.
Cu s 2Cu i
A second interstitial copper species in the presence of a Cu s Cu i pair [Cu s 2Cu i , see Fig. 2(c) ] reestablishes a donor character of the overall system (ε therm (+1/0) = 0.08 eV from CB minimum), with a single unpaired electron in a perturbed host state [see the schematic representation of the electronic structure in Fig. 2(c) ]. The second Cu i is almost unperturbed in the original interstitial position both if close to or far apart from the Cu s Cu i fragment. The former configuration is favored by 0.5 eV indicating a tendency of Cu species to cluster, as we will discuss below (see Sec. III F).
E. Interaction with oxygen vacancies: Cu s V O
Some recent theoretical works 24, 25, 62, 65 analyzed the potential interaction between transition metal dopants and oxygen vacancies, V O , in ZnO. Oxygen-poor conditions favor oxygen vacancies formation which are double donor defects. 21, 66 We have investigated the interplay of a single neutral V O with a nearby (in both axial and equatorial positions) or a distant substitutional copper species (Cu s ). The situation with copper substituting one of the nearest zinc atoms around the vacancy is about 0.4 eV more stable [ Fig. 1(c) ].
Partial charge transfer from the vacancy to the metal is observed when the two impurities are in direct contact, with the unpaired electron still partially localized in a Cu 3d z2 state (0.3e from the Mulliken spin population analysis), as shown by the spin density plot in Fig. 1(c) . The partial spin localization on Cu is true for the vacancy in both axial (reported in the figure) and equatorial positions with respect to the Cu ion. The V O state is commonly a doubly occupied state, 67 however, in the presence of an axial neighboring Cu ion, it is mixed with the Cu d z2 state, as proved by the projected density of states (see Fig. S3 in Ref. 34 ) and, most importantly, it becomes singly occupied [see the schematic representation of the electronic structure in the bottom panel of Fig. 1(c) ]. This system (Cu s V O ), with an unpaired electron in V O , is still a rather deep donor with ε therm (+1/0) = 2.27 eV from VB (see Table I ). We wish to note that these calculations could not be performed in the presence of ghost functions on the vacancy site because of technical problems related to the vicinity of the Cu ion.
The absence of ghost functions may induce an enhanced and spurious mixing of the V O state with the Cu d states.
When the two impurities are far apart in the supercell model (about 10 Å) there is no electron transfer from the vacancy to the copper ion (0.74e on Cu from Mulliken spin population analysis).
F. Relative stability of Cu species
Finally, the energetics for the various copper defects which have been investigated in this study and presented in the previous sections is compared. The relative stability is discussed in terms of formation energy (E form = energy cost to form the defect species) and analyzed as a function of (a) the Fermi level of the system (Fig. 4) and (b) the oxygen chemical potential (Fig. 5) . The oxygen chemical potential, μ O , is a parameter which characterizes the oxygen environment during synthesis. The environment acts as a reservoir, which can give or take any amount of oxygen without changing its temperature and pressure. Low values of μ O correspond to oxygen poor conditions and conversely, high values of μ O correspond to oxygen rich conditions. We take μ O = 1/2 μ(O 2 )+ μ O with μ O ranging from −3.78 to 0 eV where the value of μ O = 0 corresponds to the oxygen rich limit at which oxygen condensation will occur, whereas μ O = −3.78 is the calculated formation energy of wurtzite ZnO (to be compared with the experimental heat of formation of −3.63 eV). where D is the defect; q is the dimensionless charge state of the defect (e.g., +1,0,−1); E D,q and E H are the total energies of the host+defect and the host-only supercells, respectively; E v is the bulk valence band maximum; E F is the Fermi level referenced to the bulk valence band maximum; n i is the number of added or removed atoms (negative and positive values, respectively) to create the defect; and μ i is the chemical potential of the defect species. The range of Fermi level considered goes from the top of the valence band to the bottom of the conduction band. Only the portion of the curves relative to the most stable charge state at a certain Fermi level is reported. The slope of the curve identifies the charge state: positive slope corresponds to q = +1, no slope corresponds to q = 0, negative slope corresponds to q = −1. At oxygen poor conditions (Fig. 4 left panel) , Cu s Zn i is 0.7 eV less stable than Cu i . The shallow donor Cu i is predominant for a wide range of Fermi level values, confirming the facility to obtain n-type conductivity in ZnO. Interstitial copper species are even more stable by few tenths of an eV when a donor-acceptor copper pair (Cu s 2Cu i ) is present in the neighborhood, indicating a tendency of copper defects to cluster in bulk ZnO. Cu-doping is therefore experimentally expected to produce inhomogeneously doped regions as reported by Sudakar et al. 69 and calculated by Huang et al. 23 Going toward higher Fermi levels (E F > 2.18 eV), i.e., for electron rich systems, the Cu s becomes thermodynamically the most stable species. At oxygen rich conditions, the situation changes drastically with Cu s becoming the most stable copper defect at any Fermi level (Fig. 4 right panel) .
(b) The dependence of the formation energy for the most stable charge states at the zero Fermi level (E F = 0) of all the Cu-doped models considered in this work is now analyzed. In Fig. 5 , we report the formation energies as a function of μ ' O , according to the formula
where n Cu is the number of Cu atoms, n Zn is the number of removed Zn atoms and n O is the number of removed oxygen atoms per supercell in the model considered. For copper and zinc we use the chemical potential of bulk metals. However, this approximation is correct at oxygen poor conditions. With increasing oxygen concentration or for less negative μ O , the copper oxides (Cu 2 O and CuO) and zinc oxide (ZnO) formation become feasible. Therefore, we consider the following system of equations:
where the formation energies E 
and μ Zn = (−3.78 − μ O ) for all the range of μ O . (8) From the graph in Fig. 5 , we observe that the clustering of copper species is energetically favored for a large range of oxygen chemical potential, especially at oxygen poor conditions. Interstitial copper is also preferred at oxygen poor conditions although it may compete with substitutional copper in the presence of oxygen vacancies. This was not obvious and has the meaning that forcing an interstitial additional copper atom in the lattice costs approximately as substituting a zinc atom and removing an oxygen atom altogether. We also learn that interstitial copper (Cu i ) is thermodynamically preferred to interstitial zinc (Cu s Zn i ), i.e., a copper atom cannot push a zinc atom from its lattice position into an interstitial site. Finally, the substitutional copper species becomes favored at oxygen rich conditions, as expected.
IV. CONCLUSIONS
The purpose of this work is to provide an overview on copper doped bulk ZnO based on hybrid exchange-correlation functional calculations. This approach is nowadays the best compromise between accuracy and computational cost for describing semiconductor defect properties. B3LYP computed band gap is in excellent agreement with the experimental one, which gives the proper ground for comparing calculated transition energy levels with defect states position in the band gap as obtained from spectroscopic data. This popular hybrid functional also provides a better description of spin localization and spin properties for unpaired electron systems with respect to standard LSDA and GGA methods.
Copper has been investigated in a variety of sites and concentrations, also in the presence of intrinsic defects such as oxygen vacancies. Computed properties have been compared to experimental data. Substitutional copper is confirmed to be a deep acceptor species while interstitial copper is found to be a shallow donor one with transition energy levels in very good agreement with the position of Cu defects states from spectroscopic data. Hyperfine coupling constants with 63 Cu nucleus for Cu s are computed for the first time and prove a negative Fermi contact term of the isotropic component and large values for the dipolar component. Ferromagnetic and antiferromagnetic spin configurations have been compared in different structural configurations for substitutional (to Zn) copper species and with previously reported data in literature. Although the ferromagnetic is found to be the true ground state within our computational setup, the energy difference with respect to the antiferromagnetic state is so tiny that magnetic order for this type of system can be excluded. The presence of a higher concentration of copper impurities is found to favor copper clustering. Intrinsic defects such as oxygen vacancies may spontaneously transfer one electron to substitutional copper species. The thermodynamic analysis of the relative stability of the various copper impurities considered in this work indicates that interstitial copper is favored for a large range of oxygen chemical potentials. Substitutional copper is preferred at oxygen rich conditions. For higher concentration of copper in ZnO copper clustering is preferred and reduces the cost of doping.
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